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Introduction

Chikungunya virus (CHIKV) belongs to the genus Alphavirus (within the family
Togaviridae), which includes over 29 species that may cause encephalitis, febrile
illness, and arthralgia in humans. CHIKV has a single-stranded, positive sense
RNA genome of approximately 12 kb in length, although some size variation exists
between different lineages. The icosahedral virions have a diameter of 60—70 nm
and consist of a nucleocapsid enveloped by a host-derived phospholipid mem-
brane. The viral structural polyprotein is translated from a ~5 kb subgenomic
mRNA and is co- and post-translationally cleaved into capsid protein (C), two
major envelope glycoproteins (E1, E2), and three smaller accessory proteins
(E3, 6K, and the transframe protein TF). Together, the structural proteins encapsid-
ate the viral genomic RNA to form the viral progeny. The different functions of the
individual CHIKV structural proteins in virion assembly, egress, binding, and
fusion are reviewed in this chapter.
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Chikungunya Virus Capsid Protein

The CHIKYV nucleocapsid has a T=4 icosahedral symmetry and consists of the viral
RNA encapsidated by 240 capsid protein copies (Fig. 1a, b). The CHIKV capsid
protein has a length of 261 amino acids and an apparent molecular weight of
~30 kDa (Khan et al. 2002), which is small enough for passive transport through
nuclear pores. The CHIKYV capsid protein is organized into 3 regions (I, II, and IIT)
with separate functions (Fig. 1¢) (Hong et al. 2000).

The capsid protein is autocatalytically cleaved off in cis from the nascent viral
structural polyprotein (C-E3-E2-6K-El) by its C-terminal serine protease which
has a chymotrypsin-like fold (Aliperti and Schlesinger 1978; Choi et al. 1991;
Melancon and Garoff 1987; Strauss and Strauss 1994). A catalytic serine S213 and
several conserved H139, D145, D161 amino acids are predicted to be involved in
this autoprotease activity which resides in region III of the capsid coding sequence
(Hahn and Strauss 1990; Khan et al. 2002). After the autocatalytic cleavage of the
capsid from the structural polyprotein, the signal sequence for ER translocation of
PE2 becomes available at the N-terminus.

The capsid has a poorly conserved N-terminal region with an alleged role in viral
RNA assembly via positively charged Arg, Lys, and Pro residues in region I. Region
II is involved in the encapsidation of newly synthesized viral genomic RNA, which
is packaged with high specificity due to defined RNA packaging signals within the
nsP2 gene. Consequently, only full-length genomic RNA (and not viral subgenomic
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Fig. 1 CHIKYV structure and genome. (a) CHIKV virion and (b) schematic representation of
CHIKV particle section (adapted from Metz and Pijlman (2011)). (¢) Schematic representation of
the CHIKV genome, which encodes 2 ORFs. The nonstructural polyprotein encodes nonstructural
proteins nsP1, nsP2, nsP3, and nsp4. The structural polyprotein is translated from a subgenomic
mRNA and encodes the capsid protein (c¢), envelope glycoproteins E1 and E2 and accessory pro-
teins E3 and 6K. Capsid is segmented into three separate regions. Region I contains many posi-
tively charged residues as well as uncharged amino acids in helix 1. Region II is responsible for
RNA binding and region III interacts with the E2 glycoprotein
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RNA or host mRNA) is encapsidated in the virions (Owen and Kuhn 1996; Weiss
et al. 1989). The capsid protein requires interactions with nucleic acids (i.e., RNA)
to initiate assembly.

Alphavirus capsids, including CHIKYV, contain an 18 amino acid long coiled-coil
a-helix within region I that is important for assembly. Initially, viral RNA-bound
capsid dimers are formed, 120 of which further oligomerize to form the nucleocap-
sid in the cytoplasm of infected cells (Perera et al. 2001). The nucleocapsids are
then transported to the plasma membrane for association with the C-terminal cyto-
plasmic tail of E2 to initiate virion budding. The capsid protein contains a hydro-
phobic pocket adjacent to the protease substrate binding site within region III for
binding to the cytoplasmic endodomain of the E2 glycoprotein, which extends down
into the site of the hydrophobic pocket (Kuhn 2007b).

The intracellular localization of the CHIKV capsid is mainly cytoplasmic,
although a predicted nuclear localization signal (NLS) is present in the N-terminus
(Thomas et al. 2013). Although a putative biological role for a nuclear fraction of
CHIKYV capsid in viral infection is currently not known, New World alphavirus
capsid proteins actively translocate to the nucleus to induce host transcriptional
shut-off (Garmashova et al. 2007).

Chikungunya Virus Envelope (Glyco)Proteins

Alphaviruses contain a membraneous envelope that is derived from the infected
host cell during budding. Specialized viral glycoproteins embedded in the envelope
regulate cell receptor recognition, attachment, and cell entry through fusion of viral
with host membranes. CHIKV encodes a single envelope polyprotein comprising
four envelope proteins in the order E3-E2-6K-E1. There is also an additional trans-
frame protein (TF) originating from a frameshift event at the 3’ end of 6K (Firth
et al. 2008). Not all structural proteins from the envelope cassette are incorporated
in progeny virus particles; that is, CHIKV E3 is not generally found associated with
virions (Simizu et al. 1984).

The two most conspicuous proteins of the envelope cassette are the glycoproteins
El (viral fusion protein) and E2 (receptor binding protein). CHIKV-E2 is initially
expressed as precursor E2 (E3 E2, or PE2) and matures throughout multiple cellular
compartments. Both E1 and E2 are N-linked glycosylated, type I integral membrane
proteins that contain transmembrane domains proximate to the C-terminus, fol-
lowed by a cytoplasmic tail. E1 and E2 heterodimers are exposed at the virion sur-
face as trimeric spikes and consequently are the main targets for a neutralizing
antibody response, although E2 is the primary antigen (Strauss and Strauss 1994).
In addition to binding cell receptors during the vesicular entry pathway, E2 is essen-
tial in intracellular translocation and folding of the other envelope proteins and acts
as a stabilizing factor for E1-E2 interactions during transport from the ER to the
plasma membrane.
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CHIKY E1-E2 Trimer Formation and Virus (-Like Particle)
Assembly

The envelope of CHIKYV is a multiprotein structure composed of glycoprotein tri-
meric spikes embedded in a host-derived membrane. The 80 trimeric spikes in the
CHIKYV virion each consist of three E1-E2 heterodimers and are essential for cell
receptor recognition (E2) and entry through pH-dependent endocytosis (E1)
(Kielian et al. 2010).

Once capsid is released from its nascent polypeptide chain, the remaining enve-
lope polyprotein or envelope cassette is translocated and inserted into the endoplas-
mic reticulum (ER) membrane for initial processing (Fig. 2). A series of apolar
residues at the N-terminal end of PE2, within the E3 coding region, functions as a
signal peptide for the translocation of the envelope cassette into the lumen of the ER
(Lobigs et al. 1990). The E3 signal is not processed or removed by host signalases,
indicating a distinct role in trimer formation. This was exemplified by the replace-
ment of E3 with an artificial signal peptide that targeted the polyprotein to the ER,
but abolished trimeric spike formation and surface expression (Lobigs et al. 1990).
The role of E3 in correct translocation and processing of PE2 was also demonstrated
by the expression of individual CHIKV-E3E2 protein constructs using both insect
and mammalian expression systems (Metz et al. 2011; van den Doel et al. 2014;
Voss et al. 2010).

In the ER, proteolytic processing by host signalases cleaves 6K at its N- and
C-terminal end, releasing 6K from the envelope polyproteins and yielding PE2, 6K,
and E1 (Fig. 2). Immediately after processing, PE2 and E1 form heterodimers,
which is followed by glycosylation and the oligomerization of three pE2-E1 dimers
to form the immature and nonfusogenic trimeric spike complex (Kuhn 2007a).

Alphavirus E1 and E2 are N-linked glycosylated, but the number of glycans may
vary between species (Blom et al. 2004; Burke and Keegstra 1979; Knight et al.
2009; Rice and Strauss 1981; Simizu et al. 1984). CHIKV-E1 is predicted to be gly-
cosylated once at N141 and E2 is glycosylated at N263 and N273 (Blom et al. 2004).

Fig. 2 CHIKYV envelope
glycoprotein organization.
After capsid is released,
the envelope cassette is
inserted into the ER and
subsequently processed by
host signalases (S) and
furin-like proteases (F).
Blue chains indicate
N-glycosylation sites.
Adapted from (Kuhn
2007a)
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For the alphavirus type species Sindbis virus it has been shown that glycosylation
does not necessary influence processing of PE2 or E1 but does influence virulence
and viral replication (Knight et al. 2009).

Alphaviruses use low-pH triggered fusion to facilitate entry of target cells. This
process is mediated by fusogenic active trimeric complexes at the surface of the
virus particle. It would be detrimental for viral replication if the fusion protein is
activated during the formation of the trimeric spike as it encounters the low-pH
environment of the secretory pathway. The CHIKYV fusion protein El is therefore
expressed with the companion protein E2. The dimeric interaction between E1 and
E2 protects the fusion protein from low-pH-induced premature activation (Uchime
et al. 2013). The late secretory pathway involves compartments with a pH ranging
from ~5.5 to 6.0, which is sufficient to trigger premature E1 inactivation and fusion
(Uchime et al. 2013). However, the immature PE2-E1 dimer is more acid stable than
the fully mature E2-E1 form.

E3 plays a critical role in the stabilization and protection of the immature trimer
from acidic environments. After initial processing and dimerization, the small
peripheral E3 protein is finally released from PE2 by furin-dependent cleavage in
the trans-Golgi system (Strauss and Strauss 1994). Following cleavage, E3 remains
noncovalently associated with the fully processed trimeric spike and is released
upon spike surface exposure at neutral pH. Furin processing is not a precondition
for CHIKV virion assembly, but incomplete processing results in impaired fusion
activity of the immature trimeric spikes (Strauss and Strauss 1994). Crystal struc-
tures of both PE2-El and E2-El heterodimers show that E3 exclusively interacts
with E2, suggesting a dimer-stabilizing mechanism to protect E1 from premature
activation before it reaches the cell surface (Li et al. 2010; Voss et al. 2010).
Mutational studies have shown that the pH-protective interaction between E3 and
E2 is highly dependent on a single amino acid (Y47) within the E3-E2 interface
(Uchime et al. 2013).

CHIKYV has been shown to be very suitable for the generation of so-called virus-
like particles (VLPs). These artificial viral particles are replication defective due to
absence of genomic viral RNA, but share the morphological properties of wild-type
virus (Fig. 3). This means that VLP formation most likely shares all characteristics
and processing kinetics found during wild-type CHIKYV replication.
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Fig.3 CHIKYV virus-like particles produced in insect cells. (a) CHIKV VLPs visualized by trans-
mission electron microscopy after negative stain, (b) cryo-electron microscopy, and (c) scanning
electron microscopy
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Fig. 4 CHIKYV virus particle formation and maturation. The CHIKV structural proteins are trans-
lated from the 26S RNA (/) after which the envelope glycoproteins E1 and E2 are transported to
the ER, complex into heterodimers (2) and are transported to the Golgi (3) where three heterodi-
mers complex into trimeric spikes and furin processing takes place. (4) The mature trimeric spikes
are transported to the plasma membrane and are exposed on the surface of the cell. The capsid
protein interacts with the progeny viral genomic RNA and assembles into nucleocapsids in the
cytoplasm (5). The nucleocapsids bud out from the plasma membrane, taking along the trimeric
spikes anchored in the lipid bilayer (6), resulting in mature CHIKV particles (7)

For the production of CHIKV VLPs, the complete structural polyprotein is
expressed within a mammalian or insect cell expression system to allow correct
poly(glyco)protein processing and trimer formation (Fig. 4) (Akahata et al. 2010;
Metz et al. 2013a; Noranate et al. 2014).

Interestingly, different CHIKYV strains yield variable quantities of VLPs. It has
been shown that particle assembly and release are related to factors such as palmi-
toylation of the E1 and E2, cholesterol requirements, and pH-levels. A so-called
acid-sensitive region (ASR) has been identified in E2, which is known to initiate
conformational changes in the E1-E2 complex. Mutational changes of especially
amino acid 234 in E2, or changes in pH increased VLP production yields.

In many neutralizing antibody escape mutants, modifications of the E2 B-domain
have been found, in addition to modifications in the E2-ASR. Specific amino acid
substitutions have been identified that prevent antibodies from neutralizing the virus
by binding to amino acids that regulate the conformational changes to prime to
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fusion complex active (Coffey and Vignuzzi 2011). All these characteristics can be
used to optimize VLP production yields, especially because CHIKV-VLPs are con-
sidered to be among the most promising vaccine candidates in development
(Akahata et al. 2010; Metz et al. 2013a, b).

Accessory Proteins 6K and Transframe Protein TF

For decades it was believed that there were only five structural proteins encoded by
CHIKYV (C, E3, E2, 6K, and E1) and other alphavirus species. 6K is a small, hydro-
phobic acylated protein that is involved in membrane permeabilization and enve-
lope development but rarely is incorporated into mature virions (Antoine et al. 2007;
Firth et al. 2008; Strauss and Strauss 1994; Welch and Sefton 1979). The C-terminal
domain of 6K acts as an ER-translocation signal for E1. However, 6K deletion
mutants have shown that El still localizes to the ER by the N-terminal signal
sequence of PE2 (Liljestrom and Garoff 1991). Thus, envelope glycoprotein trans-
location can act independently of 6K (Metz et al. 2011; Strauss and Strauss 1994).

In the ER, 6K is processed by host signalases and released from PE2 and E1 after
which 6K becomes associated with the PE2—E1 complex and is transported with the
complex to the cell surface. Yet, during virus budding, 6K is mostly excluded from
integration into new virons (Lusa et al. 1991). Even though 6K deletion mutants are
still viable, mutations in 6K are associated with decreased virion production with
impaired fusion activity and core deformations (Antoine et al. 2007; Firth et al.
2008; Gaedigk-Nitschko et al. 1990; Gaedigk-Nitschko and Schlesinger 1990;
Loewy et al. 1995). Several studies have shown the importance of 6K in virus bud-
ding. It is postulated that 6K allows lipids from the membrane to flip from one side
of the bilayer to the other (Gaedigk-Nitschko et al. 1990). With the use of chimeric
alphaviruses it was found that 6K interacts in a sequence-specific manner with PE2
or E1. This interaction is required for efficient virus budding because 6K proteins
are not interchangeable between alphavirus species (Yao et al. 1996).

Early observations report that the 6K migrated as a doublet, and differences
found in protein size and biochemical properties were explained by different levels
of acetylation. Recent analyses of this 6K doublet and its coding region resulted in
the identification of a sixth structural protein. This so-called transframe protein (TF)
originates from a ribosomal —1 frameshifting event at the C-terminus of the 6K cod-
ing region (Firth et al. 2008). This frameshifting occurs at an estimated efficiency of
approximately 10-18 % and takes place at a conserved UUUUUUA motif within
the 6K coding sequence. The resulting TF of approximately 8 kDa in size shares its
N-terminus with 6K, but lacks the second transmembrane region found in 6K. The
TF C-terminus is encoded by the —1 frame. Additional alphavirus 3’sequences
involved in efficient frameshifting have a remarkable diversity (Chung et al. 2010).

6K has been shown to possess viroporin properties, a small protein that is able to
increase membrane permeability that favors virion budding. Interestingly and other
than 6K, TF has transmembrane domain flanking regions that are rich in basic resi-
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dues, which is characteristic for several other viroporins. Thus, TF may be the actual
viroporin and therefore important for virus budding (Firth et al. 2008). Further anal-
ysis revealed, though in rare occasions, that not 6K but TF is predominantly incor-
porated in viral particles, suggesting a role in the formation and budding of new
virions (Firth et al. 2008).

Similar to 6K, TF is not absolutely required for genome replication or envelope
protein translocation to the cell surface, but abolishing its production severely
decreases virus particle release in both mammalian and insect cell systems (Snyder
et al. 2013). Even though the precise mechanisms underlying their roles in mem-
brane permeabilization, ion-gradient formation, and virus assembly and release are
not yet fully understood, 6K and TF are both critical players in the late stages of
CHIKYV virion formation.

Role of CHIKYV Structural Proteins During Viral Entry
and Fusion

In general, alphaviruses are able to infect a wide range of species and cell types,
because the viruses are most likely able to recognize and bind a range of different
receptors on the host cell surface (Kielian et al. 2010). The process of particle
attachment and absorption is a multistep event orchestrated by CHIKV-E1 and E2.
Being an arbovirus, CHIKV infects both insect and vertebrate cells, meaning that
the virus needs to deal with a wide range of divergent biochemical and genetic envi-
ronments. Thus it is likely that CHIKV uses ubiquitous receptors and/or is able to
bind multiple (protein) receptors (Kononchik et al. 2011).

Virus infection starts with scanning cell surfaces to encounter one or more suit-
able receptors. Subsequent binding of the virus is saturable and is primarily medi-
ated by E2 (Kielian et al. 2010). Even though the exact receptors have not been
identified yet, several proteinaceous or polysaccharide molecules have been sug-
gested to be attachment factors for alphaviruses. The list includes the high affinity
laminin receptor (Wang et al. 1992), heparin and heparan sulfate (Byrnes and Griffin
1998; Smit et al. 2002; Zhang et al. 2005), heat shock 70 protein (Ryan et al. 1992),
the major histocompatibility complex (Helenius et al. 1978; Maassen and Terhorst
1981), and DC-SIGN and L-SIGN (Klimstra et al. 2003). The latter ones are C-type
lectins that have high binding affinity for mannose-rich carbohydrate structures.
Interestingly, mosquito cells produce these high mannose structures and mosquito-
derived virus shows increased binding and infection on DC-SIGN/L-SIGN express-
ing cells. Thus, a high mannose glycan state of E2 might have a strong influence on
its ability to bind receptor-associated molecules (Klimstra et al. 2003).

Upon receptor binding by E2, conformational changes within the trimeric spike
and the mild acidic endosomal environment trigger the dissociation of the E1-E2
heterodimer and induce a homotrimerization event between the three E1 molecules.
CHIKV-E1 is a type II fusion protein and its ectodomain is composed of three
domains: the central domain (DI), the fusion loop containing domain (DII), and
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S21 Mock S7f21 + Ac-S27

S + Ac-GFP

Fig. 5 CHIKYV glycoprotein expression and fusogenicity. The complete structural protein cassette
of CHIKV was expressed in insect cells using recombinant baculoviruses. (a) Healthy and infected
Sf-21 insect cells were immunostained with E1 and E2 specific antibodies. The clear ring-like struc-
tures indicate surface expression of the glycoproteins. (b) Individual E1 and the complete structural
cassette of CHIKV were expressed in GFP-expressing insect cells. At a pH of 5.5, the fusion protein
El is activated, resulting in the fusion of proximate cell membranes known as syncytia formation

domain IIT (DIII), which connects to the transmembrane domain (TM; Sanchez-San
Martin et al. 2013). The E1 fusion loop is located at the tip of DII and is normally
shielded in the E1-E2 interface by interaction with histidine residues in a so-called
fusion loop binding groove within E2 (Voss et al. 2010). During fusion, EI is
inserted into the host’s plasma membrane through the fusion loop. A core trimer is
formed by interactions between DI and DII, forming a hairpin-like structure by
which DIII is able to pack against the core trimer. This conformational reassortment
brings the viral and target membrane in close proximity enabling membrane fusion
(Gibbons et al. 2004). Even though the subtle interactions between E1 and E2 are
critical in the formation of the surface trimers, E1 on itself remains fusogenic (Metz
et al. 2011). When E1 is expressed in a 6KE1 context in insect cells, syncytia are
formed between El-expressing cells that display E1 on the cells’ surface (Fig. 5).
In the past decade, more evidence has accumulated that supposes an alternative
entry mechanism for alphaviruses independent of endocytosis, exposure to low pH,
and membrane fusion. E1-mediated membrane fusion is a so-called nonleaky pro-
cess where viruses are taken up into the cell without losing plasma membrane con-
tinuity. The alternative entry mechanism is supported by the fact that infection by
alphaviruses appears to be a leaky process that allows the passage of ions and small
molecules across the compromised membrane (Kononchik et al. 2011; Koschinski
et al. 2005; Madan et al. 2005; Wengler et al. 2003, 2004). Such ion-permeable
pores are believed to be formed by E1 insertions into the viral or El1-expressing cell
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membrane, in the absence of a target membrane (Koschinski et al. 2005). The
importance of these ion-permeable pores in infection is still being discussed, yet
again it shows the critical role of E1 in virus entry.

In addition, research is now focusing on the potential role of 6K or TF in the pore
entry pathway. Even though the two small proteins are rarely incorporated in the
virus particle, they are able to generate plasma membrane pores late in infection and
6K/TF deletion mutants generate viable, but fusogenically compromised virus par-
ticles (Sanz et al. 2003).
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